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The nuclear pore complex (NPC) is an evolutionarily conserved structure that mediates exchange of macromolecules
across the nuclear envelope (NE). It is comprised of ~30 proteins termed nucleoporins that are each present in multiple
copies. We have investigated the function of the human nucleoporin Nup53, the ortholog of Saccharomyces cerevisiae
Nup53p. Both cell fractionation and in vitro binding data suggest that Nup53 is tightly associated with the NE membrane
and the lamina where it interacts with lamin B. We have also shown that Nup53 is capable of physically interacting with
a group of nucleoporins including Nup93, Nup155, and Nup205. Consistent with this observation, depletion of Nup53
using small interfering RNAs causes a decrease in the cellular levels of these nucleoporins as well as the spindle
checkpoint protein Mad1, likely due to destabilization of Nup53-containing complexes. The cellular depletion of this
group of nucleoporins, induced by depleting either Nup53 or Nup93, severely alters nuclear morphology producing
phenotypes similar to that previously observed in cells depleted of lamin A and Mad1. On basis of these data, we propose
a model in which Nup53 is positioned near the pore membrane and the lamina where it anchors an NPC subcomplex

containing Nup93, Nup155, and Nup205.

INTRODUCTION

The nuclear envelope (NE) is a specialized membrane sys-
tem that functions to separate the eukaryotic genome from
the cytoplasm. The NE consists of an inner and an outer
nuclear membrane. The former contains a distinct set of
associated proteins, whereas the latter is structurally equiv-
alent to the endoplasmic reticulum (reviewed in Mattaj,
2004). The nucleoplasmic face of the metazoan inner nuclear
membrane is connected to a fibrous protein meshwork
termed the nuclear lamina that forms a shell around the
underlying chromatin mass. The lamina is composed of A-
and B-type lamins, which are closely related to one another
and to the intermediate filament-like family of proteins (re-
viewed in Burke, 2001). The nuclear lamina has been sug-
gested to be involved in maintaining the structural integrity
of the NE and influencing chromatin structure and function.
The association of the lamina with transcriptionally inactive
heterochromatin has led to the suggestion that it may play a
role in regulating gene expression and some recent data
support this idea (reviewed in Mattout-Drubezki and Gru-
enbaum, 2003).

At numerous points along the NE the inner and outer
nuclear membranes fuse to form pores ~100 nm in diameter.
These pores are occupied by complex macromolecular struc-
tures termed nuclear pore complexes (NPCs). The NPCs are
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associated with euchromatin channels that extend into the
interior of the nucleus, interrupting the continuity of the
lamina and the heterochromatin. These complex structures
have an estimated mass of ~60 million Daltons, but are
composed of a relatively small number of proteins (~30;
Rout et al., 2000; Cronshaw et al., 2002) termed nucleoporins
or nups. This is explained by the fact that all of these
proteins appear to be present in multiple copies within the
NPC, with groups of nups forming the repetitive subcom-
plexes that give the NPC its characteristic eightfold by two-
fold symmetry (Yang ef al., 1998; Rout et al., 2000).

NPCs are believed to regulate all transport into and out of
the nucleus. In addition to acting as a diffusion channel for
small molecules and metabolites, the NPCs work in conjunc-
tion with soluble transport factors to control transport of
macromolecules through their central channels. Although
the exact mechanism of transport through the NPC has not
been clearly defined, some general principles are well ac-
cepted. Transport cargos containing nuclear import or ex-
port signals are recognized by members of a family of trans-
port factors termed karyopherins, which are capable of
functioning in nuclear import (importins) or export (export-
ins) or in some cases both (Yoshida and Blobel, 2001). The
kaps escort their cargos to the NPC, where the kaps bind to
members of a family of nups that contain multiple pheny-
lalanine-glycine (FG) repeat motifs within their primary
structure. These repetitive peptides directly mediate the
binding of the kaps to the FG-nups (reviewed in Ryan and
Wente, 2000). Because these nups are located all along the
channel through the NPC, most of the current transport
models propose that the FG binding sites play an essential
role in the movement of the kap/cargo complex through the
NPC. Two separate, yet related, models have been proposed
to explain this movement. One model suggests that the
FG-nups form a hydrophobic network that is selectively
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permeabilized by kaps (Ribbeck and Gorlich, 2001, 2002).
Another proposes that the FG-nups are filamentous and
form a “virtual gate” by entropically excluding molecules
that cannot interact with them (Rout et al., 2000, 2003). By
interacting with the FG-nups, kaps overcome this barrier
and progress through the channel. Both of these models rely
on the idea that the kap-nup interaction is weak (Ribbeck
and Gorlich, 2001) or rapidly dissociated (Gilchrist et al.,
2002) in order to achieve rates of import sufficient to accom-
modate the huge flow of molecules across the NE (see
Macara, 2001; Weis, 2003 for reviews of transport models).

The apparent modular organization of the NPC observed
by ultrastructural analysis is consistent with the concept that
distinct subcomplexes of nups interact to form this complex
structure. The framework of these subcomplexes, in many
cases, likely consists of nonrepeat containing nups on which
the FG-nups are positioned to line the NPC channel. Con-
siderable effort has been directed toward identifying sub-
complexes of the NPC and examining their role in transport
and the assembly of the NPC. One well-studied and con-
served subcomplex is termed the Nup84p complex in S.
cerevisiae and the Nup107-160 complex in vertebrates. The
Nup84p complex consists of the nups Nup84p, Nup85p,
Nup120p, Nup133p, Nup145-Cp, and Sehlp (Siniossoglou et
al., 1996; 2000; Allen et al., 2002; Lutzmann et al., 2002).
Mutations in members of the Nup84p complex display a
variety of phenotypes including NPC clustering and NE
organization defects (Aitchison et al., 1995a; Siniossoglou et
al., 1996; 2000; Belgareh and Doye, 1997), suggesting a role
for this complex in NPC assembly. Similarly, the vertebrate
counterpart, the Nupl07-160 complex, comprised of
Nup107, Nup160, Nup133, Nup96, Nup85, Sec13, Nup43,
Nup37, and Sehl (Belgareh et al., 2001; Vasu et al., 2001;
Harel et al., 2003; Loiodice et al., 2004) is also required for
correct NPC assembly (Boehmer et al., 2003; Harel et al., 2003;
Walther et al., 2003). Depletion of this complex from Xenopus
in vitro NE assembly assays results in nuclei with reduced
numbers of NPCs (Harel et al., 2003; Walther et al., 2003). These
studies suggest that the Nup107-160 complex functions early
in postmitotic NPC formation, as it is recruited to the chroma-
tin before the NE membrane (Walther et al., 2003).

A number of other nup subcomplexes have also been
identified that contain both nonrepeat and FG-nups. For
example, the yeast nonrepeat nup Nic96p has been detected
in association with other nonrepeat nups, including
Nup188p (Nehrbass et al., 1996, Zabel et al., 1996), and the
FG-nups Nsplp, Nup49p, and Nup57p (Grandi et al., 1995).
This complex has been suggested to play a role in both
nuclear transport and NPC formation. Similarly, the verte-
brate counterpart of Nic96p, Nup93, exists in a complex with
Nup188 and Nup205 (the counterpart of yeast Nup192p;
Grandi et al., 1997; Miller et al., 2000). Depletion of this
complex from Xenopus in vitro NE assembly extracts inhibits
NPC formation (Grandi et al., 1997). However, experiments
in Caenorhabditis elegans suggest depletion of Nup93 or
Nup205 does not affect pore formation, but does alter the
distribution and permeability of NPCs (Galy et al., 2003).

The analysis of the functions of individual NPC subcom-
plexes is complicated by the observation that certain nups,
including for example Nic96p, are detected in association
with separate groups of nups suggesting they are part of
multiple distinct subcomplexes. One interpretation of these
results is that interactions between nups are potentially reg-
ulated. This, in fact, appears to be the case for a yeast
subcomplex consisting of the nonrepeat nup Nup170p and
the FG-nup Nup53p. The interactions between these nups
are altered during the cell cycle (Makhnevych et al., 2003). In
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interphase, Nup53p interacts with Nup170p but is not de-
tected in association with Nic96p. In contrast, during mitosis
Nup53p is released from Nupl70p and is instead detected
bound to Nic96p. A consequence of this rearrangement is
the exposure of a binding site on Nup53p for the karyo-
pherin Kap121p. Binding to Nup53p inhibits the transloca-
tion of Kap121p and its cargo into the nucleus, thus specif-
ically regulating this pathway during mitosis (Makhnevych
et al., 2003). Other examples of regulated changes in nup
interactions have also been observed in Aspergillus nidulans
(De Souza et al., 2004). Here, alterations in the NPC are
correlated with phosphorylation of the nups Gle2/Rael and
Nup98 by the mitotic kinase NIMA. This modification of the
NPC allows the nuclear import of cdc2/cyclinB and appears
to be required for normal mitotic progression as NIMA
mutants show a mislocalization of cdc2/cyclinB and a late
G2 arrest (De Souza et al., 2003, 2004).

In this article, we present data examining the function of
the mammalian counterpart of yeast Nup53p and its inter-
actions with neighboring nups. We have detected several
evolutionarily conserved interactions between Nup53 and
Nup93, Nup155, and Nup205. In addition, depletion analy-
sis suggests Nupb53, either directly or indirectly, plays a role
in the association of the mitotic checkpoint protein Mad1l
with the NPC. Our results also suggest Nup53 interacts
strongly with the NE membrane and the nuclear lamina and
that this nup is required for normal cell growth and nuclear
morphology.

MATERIALS AND METHODS

Isolation of Recombinant Proteins and Antibody
Production

The open reading frame (ORF) of Xenopus laevis Nup53 was inserted into the
EcoRI site of pGEX-4T-1 (Amersham Biosciences, Baie D'Urfe, Quebec, Can-
ada). An Escherichia coli BL21 strain containing pGEX-Nup53 was grown to an
ODggp = 0.8 and induced with 1 mM IPTG for 4 h at 30°C. GST-Nup53 was
purified on glutathione Sepharose 4B beads (Amersham Biosciences) using
the manufacturers instructions, in 50 mM Tris HCI pH 7.4, 150 mM NaCl, 1
mM MgCl,, 0.1% Tween 20, 1 mM dithiothreitol (DTT), and Complete Pro-
tease inhibitor cocktail (Roche Diagnostics, Laval, Quebec, Canada). Xenopus
Nup53 was released from the column by incubation with 0.6 units of throm-
bin (Sigma-Aldrich, Oakville, Ontario, Canada) per 10 ul of beads for 4 h at
room temperature. Purified recombinant Xenopus Nup53 was used to elicit
antibodies in rabbits. The human Nup53 ORF (accession no. AF514993) was
amplified with the Expand High-Fidelity PCR system (Roche Diagnostics)
using a Human Fetal Kidney cDNA library (BD Biosciences Clontech, San
Jose, CA) as a template. The PCR product was inserted into the EcoRI site of
pGEX-6P-1 (Amersham Biosciences) and used for the GST-pulldown and in
vitro binding experiments described below. The human Nup53 cDNA was
also directionally inserted into the EcoRI (5') and Kpnl (3') sites of pEGFP-C1
(BD Biosciences Clontech) for the production of stable HeLa S3 cell lines
described below. The human Nup93 ORF (accession no. D42085) was ampli-
fied by PCR as indicated above from a plasmid containing NUP93 cDNA
(clone name ha01471, gene name KIAA0095, Kazusa DNA Research Institute,
Chiba, Japan). The NUP93 PCR product was directionally inserted into the
BamHI (5') and Kpnl (3') sites in pGEX-6P-1. Recombinant Nup93 was ex-
pressed and purified as described for Nup53 with the exception that Nup93
was released from the beads by cleavage using the PreScission Protease
(Amersham Biosciences)

Transfections and Isolation of Stable Lines

HeLa S3 cells were maintained in DMEM (Invitrogen, Berkeley, CA) supple-
mented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1%
L-glutamine at 37°C and 5% CO,. Cells were seeded out 24 h before transfec-
tion so that they were 30% confluent on the day of transfection. Cells in a
100-mm culture dish were transfected with 0.5 pug of pEGFP-Nup53 using
FuGene (Roche Diagnostics) as instructed by the manufacturer. For isolation
of stable lines, HeLa cells transfected with pEGFP-Nup53 were seeded into
medium containing 800 ug/ml G418 (Sigma-Aldrich) 48 h after transfection.
After 3 wk in selection medium, resulting G418-resistant colonies were iso-
lated and screened both by Western blotting of whole cell extracts using
mouse monoclonal GFP antibodies (BD Biosciences PharMingen, San Diego,
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CA) and by fluorescence microscopy to detect synthesis of the GFP-Nup53
fusion protein.

Rat Liver Nuclei Isolation, Subfractionation, and
Extraction

Rat Liver nuclei and nuclear envelopes (NEs) were prepared as previously
described (Blobel and Potter, 1966) with modifications (Wozniak et al., 1989).
Purified NEs were extracted with 1 M NaCl, 2 M NaCl, 2 M urea, or 7 M urea
in buffer containing 20 mM TEA, pH 7.5, 0.1 mM MgCl,, 1 mM DTT, and
Complete Protease inhibitor cocktail (Roche Diagnostics) for 15 min at 4°C at
a concentration of 100 A,4, units/ml. (1 A,4, unit represents the amount of
material derived from 1 A,¢, unit of nuclei; ~3 X 10° nuclei.) The extracted
proteins in the supernatant were separated from the pellet by centrifugation
at 20,000 X g for 30 min at 4°C and precipitated with a final concentration of
10% trichloroacetic acid (TCA). Alternatively, NEs were extracted with 1%
Triton X-100 in buffer containing 20 mM TEA, pH 7.5, 0.1 mM MgCl,, 1 mM
DTT, and Complete Protease inhibitor cocktail to solubilize the nuclear mem-
brane. Triton X-100—extracted NEs were then recovered in the pellet fraction
after centrifugation at 4000 X g for 10 min at 4°C. The extracted NE pellets
were then reextracted with 0.1, 0.25, 0.5, or 1 M NaCl in the same buffer as
above but lacking Triton X-100 at a concentration of 100 A4, units/ml.
Supernatant and pellet fractions were produced by centrifugation at 20,000 X
g for 30 min at 4°C, and proteins were analyzed by SDS-PAGE and Western
blotting. Finally, preparation of Empigen BB (Calbiochem-Novabiochem, San
Diego, CA) extracted NEs was performed as previously described (Cronshaw
et al., 2002).

Sucrose gradient sedimentation was performed as described (Fontoura et
al., 1999). Briefly, extracted NEs were recovered by centrifugation at 4000 X g
for 15 min at 4°C and resuspended (1000 A,4, units/ml) in 1% Triton X-100,
0.025% SDS, and 0.1 mg/ml heparin in 20 mM TEA, pH 7.5, 0.1 mM MgCl,,
and Complete Protease inhibitor cocktail. After centrifugation at 15,000 X g
for 10 min at 4°C, the supernatant was subsequently loaded onto a 10-40%
(wt/vol) sucrose gradient containing 20 mM TEA, pH 7.5, 0.1 mM MgCl,, and
Complete Protease inhibitor cocktail. Gradients were then centrifuged in a Beck-
man SW 41 rotor (Fullerton, CA) at 40,000 rpm for 17 h at 4°C. Fractions (750 ul)
were collected and precipitated with a final concentration of 10% TCA.
Proteins were separated by SDS-PAGE and analyzed by Western blotting.

Isolation of HeLa Cell Extracts

To isolate total HeLa cell extracts, cells were detached from the culture wells
by incubating with 0.05% trypsin-EDTA (Invitrogen, Burlington, Ontario,
Canada) for 5 min at 37°C. Cells were washed with phosphate-buffered saline
(PBS) and counted with a hemocytometer. Cells were then pelleted, solubi-
lized in SDS-PAGE sample buffer at a concentration of 10° cells/10 ul of
sample buffer, and sonicated for 15 s before incubation at 80°C for 20 min.
Proteins from 10 ul of each sample were separated by SDS-PAGE and trans-
ferred to nitrocellulose for subsequent Western blotting.

Western Blotting

For the analysis of rat liver NE fractions, proteins were resuspended in
SDS-PAGE sample buffer and 1 A, unit per lane analyzed by SDS-PAGE.
Nitrocellulose membranes were incubated in 5% skim milk powder in PBS
containing 0.1% Tween 20 for 1 h to block nonspecific binding. Antibodies
were incubated with the membranes for 1 h at room temperature using rabbit
polyclonal antibodies directed against Nup53, gp210 (ImmuQuest, Cleveland,
United Kingdom), Nup205 (kindly provided by D. Forbes), Nup93 (BD Bio-
sciences PharMingen, San Diego, CA), lamin B (Chaudhary and Courvalin,
1993), lamin A/C (Chaudhary and Courvalin, 1993), Nup107 (kindly pro-
vided by V. Doye), and mouse monoclonal antibodies directed against
Nup153 (kindly provided by M. Lohka) and a-tubulin (Sigma-Aldrich).
Nup358, Nup214, Nup153, and p62 were detected with mAb414 (BAbCo,
Berkeley, CA). Rat antibodies were used to detect Mad1 (kindly provided by
T. Yen) and guinea pig antibodies used to detect Nup155 (kindly provided by
V. Cordes). Primary antibodies were detected with donkey anti-rabbit, sheep
anti-mouse (Amersham Biosciences), goat anti-guinea pig, and goat anti-rat
(Sigma-Aldrich) HRP-conjugated secondary antibodies and the ECL system
(Amersham Biosciences).

Immunofluorescence

HeLa cells grown on coverslips were washed twice with PBS and then fixed
in 3.7% formaldehyde in PBS for 20 min at room temperature. Cells were then
permeabilized with 0.2% Triton X-100 in PBS for 5 min at room temperature
and subsequently blocked in 2% skim milk powder in PBS-T (PBS containing
0.1% Tween 20) for 2 h. For detection of Nup93, Nup205, and Mad], cells were
preextracted with 0.2% Triton X-100 in PBS before fixation with formalde-
hyde. Primary antibody incubations were carried out for 1 h at room tem-
perature using rabbit antibodies directed against Nup53 (above), Nup93
(above), emerin (kindly provided by B. Burke), Nup107 (kindly provided by
V. Doye), lamin B (Chaudhary and Courvalin, 1993), lamin A/C (Chaudhary
and Courvalin, 1993), and guinea pig antibodies directed against Nup155 and
Nup 205 (kindly provided by V. Cordes). Nup358, Nup214, Nup153, and p62
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were detected with mAb414. For detection of Nup53, antibodies were first
affinity purified as described (Harlow and Lane, 1988) with modifications
(Marelli et al., 1998). After incubation with primary antibodies, coverslips
were washed three times with PBS-T over a period of 45 min. Antibody
binding was detected with donkey anti-mouse antibodies conjugated to Cy3
or FITC, donkey anti-rabbit antibodies conjugated to Cy3, or donkey anti-
guinea pig antibodies conjugated to Cy3 (Jackson ImmunoResearch Labora-
tories, West Grove, PA). Nuclear DNA was visualized with the DN A-specific
Hoechst No. 33342 Dye (Sigma-Aldrich). Digitonin permeabilization experi-
ments were performed as described (Joseph et al., 2002). Briefly, cells on
coverslips were incubated with 0.005% high purity digitonin (Calbiochem-
Novabiochem) in transport buffer (110 mM KOAc, 20 mM HEPES, pH 7, pH
7.3, 2 mM Mg(OAc),, 0.5 mM EGTA, 0.2 mM DTT, and 1 ug/ml each of
leupeptin, pepstatin, and aprotinin) for 5 min at room temperature before
fixation with 3.7% formaldehyde. All subsequent steps were performed as
described for other immunofluorescence experiments with the exception that
transport buffer was used instead of PBS-T. For visualization of immunoflu-
orescent images, coverslips were mounted in Vectashield mounting medium
(Vector Laboratories, Burlington, Ontario, Canada). All microscopic images
were obtained on a Zeiss Axiovert 100M coupled with a Zeiss LSM510 laser
scanning system . Images were obtained with a 63 X plan-apochromat objec-
tive (Zeiss, Jena, Germany).

GST-pulldown and In Vitro Binding Assays

One hundred A4, units of purified rat liver NEs were extracted with a
combination of 1% Triton X-100 and 400 mM NaCl in 20 mM Tris pH 7.5, 1
mM DTT, 0.1% Tween 20 and Complete Protease inhibitor cocktail at 4°C for
5 min. Extracted proteins were collected in the supernatant fraction after
centrifugation at 20,000 X g for 30 min at 4°C. The supernatant was diluted
3.75-fold to a final concentration of 0.3% Triton X-100 and 106 mM NaCl. The
diluted rat liver NE fraction (66 A4, units/ml) was incubated with 10 ul of
glutathione Sepharose 4B beads (Amersham) and preloaded with ~6 ug of
GST, GST-Nup93, or GST-Nup53, for 2 h at 4°C. After extensive washing of
the beads with 20 mM Tris pH 7.5, 106 mM NaCl, 0.3% Triton X-100, 0.1%
Tween 20, 1 mM DTT, and Complete Protease inhibitor cocktail, proteins
were eluted from the beads with SDS-PAGE sample buffer and separated by
SDS-PAGE. Gels were then silver-stained or transferred to nitrocellulose for
Western blotting.

For the in vitro binding assays, ~5 ug of purified, recombinant Nup93 was
incubated for 2 h at 4°C with 10 ul of glutathione Sepharose 4B beads
preloaded with ~10 ug of GST or GST-Nup53. After washing, proteins were
eluted from the beads with SDS-PAGE sample buffer and then separated by
SDS-PAGE. Nup93 was detected with either Coomassie Blue or Western
blotting.

Mass Spectrometry Identification

Proteins detected by silver staining in the GST-Nup53 pulldown experiment
were excised from the SDS-polyacrylamide gel and subjected to in-gel trypsin
digestion followed by LC/MS on a CapLC HPLC (Waters, Milford, MA)
coupled with a Q-ToF-2 mass spectrometer (Micromass, Manchester, United
Kingdom). Subsequent protein identification was performed by searching the
nonredundant NCBI database using Mascot Daemon (Matrix Science, Lon-
don, United Kingdom).

siRNA Methods

Human Nup53 (accession no. AF514993) siRNAs were designed as described
(Elbashir et al., 2001). The siRNAs were designed to target 5'-AACCUG-
CAAGUACUCCUAGGA-3' of the Nup53 mRNA, corresponding to nucleo-
tides 827-847 relative to the start codon and were synthesized by Qiagen-
Xeragon (Germantown, MD). HeLa cells were incubated with 480 nM siRNAs
in Oligofectamine (Invitrogen) as described (Harborth et al., 2001). As con-
trols, cells were exposed to either Oligofectamine alone (mock), or an ineffec-
tive siRNA duplex (nonsense siRNA) consisting of a scrambled sequence of
the Nup53 siRNA.

RT-PCR

The RNeasy RNA-preparation kit (Qiagen, Mississauga, Ontario, Canada)
was used to isolate total RNAs from HeLa cells and the reverse transcription
reactions were carried out using the OneStep RT-PCR kit (Qiagen). Template
RNA (0.5 ng) and gene-specific primers (0.6 M) were used in a final reaction
volume of 50 ul. RT-PCR products were analyzed by agarose gel electro-
phoresis and ethidium bromide staining.

Cell Cycle Analysis by Fluorescence-activated Cell Sorting

HeLa cells were detached from the culture wells by incubating with 0.05%
Trypsin-EDTA for 5 min at 37°C. The cells were subsequently fixed in —20°C
70% ethanol and incubated overnight at 4°C. The fixed cell pellets were
washed with PBS and then incubated with 0.1% Triton X-100, 0.2 mg/ml
propidium iodide, and 0.2 mg/ml DNase-free RNase A in PBS for 1 h at room
temperature. Fluorescence-activated cell sorting (FACS) data were collected
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on a FACS Scan (Becton Dickinson, San Jose, CA) and analyzed using
CellQuest software.

RESULTS

Characterization of a Vertebrate Counterpart to the Yeast
Nucleoporin Nup53p

Amino acid sequence analysis has previously identified po-
tential vertebrate orthologues of the S. cerevisine nucleoporin
Nup53p (Marelli et al., 1998). These multiple ORFs encode
proteins with molecular masses between 35 and 36 kDa and
exhibit similarity to Nup53p in four distinct regions, each
separated by an insertion in the larger yeast version (unpub-
lished data). Included in these conserved regions are phe-
nylalanine-glycine (FG) repeat motifs, several potential
phosphorylation sites, and a putative C-terminal amphi-
pathic helix (Marelli et al., 2001).

An unspecified vertebrate ORF with similarity to yeast
Nup53p has previously been tagged with GFP and, after ex-
pression of the fused gene in human HeLa cells, the chimeric
protein (termed Nup35-GFP) was localized to the NE in a
punctate pattern characteristic of NPC localization (Cronshaw
et al., 2002). We have elicited polyclonal antibodies in rabbits
directed against a recombinant form of the putative Xenopus
Nup53 to use as a tool to examine the localization and function
of the endogenous form of the vertebrate orthologues. These
antibodies react with all vertebrate forms of the protein so far
examined, including those derived from human and rat origins
(unpublished data). After affinity purification, these antibodies
were used to examine the localization of the putative human
Nup53 in HeLa cells using immunofluorescence microscopy.
The antibody decorated the surface of the NE in a punctate
pattern coincident with the position of NPCs, as judged by
colocalization with nups recognized by the monoclonal anti-
body (mAb) mAb414 (Figure 1A). A similar pattern was de-
tected with a GFP-tagged chimera of the human ORF (Figure
1B). In addition, Western blotting analysis was used to evaluate
the subcellular fractionation properties of the putative verte-
brate Nup53. The results of these experiments demonstrated
that the endogenous protein was enriched in fractions of puri-
fied rat liver nuclei and NEs (Figure 1C), further supporting its
classification as a nup. We propose to designate this protein as
Nup53 (in contrast to the previously proposed Nup35). This
nomenclature more clearly depicts the relationships between
nups of different species and is consistent with that which has
been used to name vertebrate nups first identified in yeast
(Belgareh et al., 2001).

Nup53 Is Tightly Associated with the Nuclear Membrane
and Lamina

In yeast, Nup53p is part of a defined subcomplex of nups
(Marelli et al., 1998; Fahrenkrog et al., 2000; Lusk et al., 2002)
and Nup53p has been suggested to interact directly with the
NE membrane (Marelli ef al., 2001). We have examined the
association of vertebrate Nup53 with NEs using differential
extraction procedures and Western blotting. For these exper-
iments, isolated rat liver NEs were extracted with salts,
detergents, or urea, and the extracted proteins were sepa-
rated from the membrane and/or insoluble lamina by cen-
trifugation. We have previously used urea extraction proce-
dures to selectively extract nups from the NE membrane and
the nuclear lamina (Radu ef al., 1993). As shown in Figure
2A, extraction of NEs with 2 M urea quantitatively releases
Nup93, Nup153, and Nupl55 from a membrane fraction
containing the integral protein gp210. In contrast, the ma-
jority of Nup53 remains in a pelletable fraction with the
lamins (as exemplified by lamin B). The extraction of Nup53
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Figure1. Localization of endogenous Nup53 to the NPC. (A) HeLa

cells were processed for immunofluorescence microscopy and
probed with affinity-purified rabbit antibodies directed against a
putative vertebrate counterpart of Nup53 and a mouse mAb
(mADb414) that binds a subset of FG-nups. Binding was detected
with Cy3- and FITC-labeled secondary antibodies, respectively. Im-
ages of both fluorophores were acquired using a confocal micro-
scope. Merged images are shown on the right. (B) HeLa cells were
transfected with a plasmid encoding GFP-Nup53 and a stable cell
line was isolated. Cells were fixed and probed with mAb414 as in A
but detected with Cy3-labeled secondary antibodies. The cellular
distribution of GFP-Nup53 (green), the mAb414 reactive nups (red),
and a merged image are shown. Bar, 10 um. (C) Proteins derived
from indicated rat liver subcellular fractions were separated by
SDS-PAGE and probed with Nup53-specific antibodies, as well as
antibodies directed against the NPC proteins gp210 and Nup155.
Nup53 was detected in fractions enriched in nuclei and nuclear
envelopes.

also parallels that of lamins at higher concentrations of urea,
where the majority of Nup53 and lamin B were extracted
from the NE with 7 M urea (Figure 2A). Similarly, we
observed that, although the treatment of NEs with 2 M NaCl
partially extracted Nup93, Nup153, and Nupl55, Nup53
remained exclusively in the pellet fraction with the lamins.

The most likely explanation for these results is that Nup53
interacts more tightly with either the membrane and/or the
lamina than the other nups examined. In an effort to differ-
entiate between these possibilities, we first extracted NEs
with the nonionic detergent Triton X-100. This treatment
releases most NE membrane proteins with the exception of
those that are tightly associated with the pelletable fraction
containing NPCs attached to the lamina (Schirmer ef al.,
2003). To compare the extractability of various nups from
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Figure 2. Nup53 interacts tightly with the nuclear envelope mem-
brane and lamina. (A) Purified rat liver NEs were extracted with 1
M NaCl, 2 M NaCl, 2 M urea, or 7 M urea and then centrifuged to
produce a supernatant fraction (S) and a membrane pellet (P) frac-
tion. After separation of proteins by SDS-PAGE, fractions were
analyzed by Western blotting using antibodies that bind the indi-
cated proteins. (B) Alternatively, NE membranes were extracted
with Triton X-100, and an insoluble NPC and lamina-containing
fraction was recovered by centrifugation. This extracted NE (eNE)
fraction was then treated with increasing concentrations of NaCl to
release nups from the lamina. After centrifugation to produce su-
pernatant and pellet fractions, proteins were analyzed by Western
blotting as in A. (C) A previously described extraction protocol of NEs
(Matunis ef al., 1996; Cronshaw et al., 2002) that concludes with empi-
gen BB-induced release of NPCs from the lamina was also used to
evaluate the association of Nup53 with the lamina. After extraction
with empigen BB and centrifugation, proteins in a nup-enriched (S)
fraction and a lamin-enriched (P) fraction were analysis by Western
blotting using the antibodies specific to the indicated proteins.
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the lamina, the pellet fraction was then extracted with in-
creasing concentrations of NaCl. As shown in Figure 2B,
Nup93 and Nup155 are efficiently extracted from the lamina
by 0.5 M NaCl, whereas Nup53, as well as Nup153, were
more resistant to extraction with ~50% of each being ex-
tracted at similar concentrations of NaCl. These observations
are consistent with previously proposed interactions be-
tween Nup153 and the lamina (Smythe et al., 2000).

A differential extraction of Nup53 and Nup153 from the
nuclear lamina was also observed when NEs were sequen-
tially extracted with a Triton X-100/SDS cocktail followed
by the zwitterionic detergent Empigen BB. Matunis and
coworkers have previously shown that this procedure re-
leases the nups into a soluble supernatant fraction and pro-
duces a pellet fraction consisting largely of lamins (Matunis
et al., 1996; Cronshaw et al., 2002). However, Western blot-
ting of these fractions showed that ~50% of Nup53 and
Nup153 remained associated with the lamina fraction after
Empigen BB extraction (Figure 2C). These represented a
significantly higher level of retention with the lamina than
observed with gp210, p62, and Nup155 (Figure 2C) and is
higher than previously reported for most nups (Fontoura et
al., 1999; Cronshaw et al., 2002). These results further sup-
port the idea that Nup53, like Nup153, is physically linked
to the nuclear lamina.

Nup53 Interacts with Nup93, Nup155, and Nup205

We further investigated the physical interactions between
Nup53 and neighboring proteins in the NE by attempting to
reconstitute these interactions in vitro. For these experi-
ments, rat liver NEs were treated with a combination of 1%
Triton X-100 and 400 mM NaCl. These extraction conditions
solubilized the nups and a significant fraction of the lamins
(unpublished data). After dilution, the extract was incubated
with a purified, recombinant GST-Nup53 fusion protein im-
mobilized on glutathione Sepharose beads. NE proteins that
bound GST-Nup53 were detected using SDS-PAGE and sil-
ver staining. Two prominent species of ~90 and 200 kDa
(Figure 3A) were identified. Mass spectrometry analysis of
peptide fragments derived from these polypeptides revealed
that the 200 and 90 kDa proteins were Nup205 and Nup93,
respectively (unpublished data), two nups that had previ-
ously been shown to interact with each other (Grandi ef al.,
1997). These results were confirmed by Western blotting
using Nup205 and Nup93 antibodies, which recognized the
corresponding bands (Figure 3A). In an effort to identify any
other Nup53-interacting partners, we also probed the eluted
fraction with a variety of other antibodies. Interestingly,
Western blotting using antibodies specific to Nup155 and
lamin B detected both proteins in the GST-Nup53—-bound
fraction (Figure 3A). In contrast, we failed to detect a variety
of other nups, including those nups recognized by mAb414
(Figure 3A), Nup107, Nup133, Nup160, and gp210 (unpub-
lished data), as well as the NPC associated protein Mad1l
(see below). Moreover, lamins A and C were generally not
detected in bound fractions (Figure 3A).

In an effort to begin to map the interactions between
Nup53 and the nups detected in the GST pulldown assay,
we tested whether purified recombinant GST-Nup53 could
bind directly to recombinant Nup93. When purified Nup93
was incubated with GST-Nup53 immobilized on glutathione
Sepharose beads, it was largely retained in the bound frac-
tion as detected by Coomassie blue staining and Western
blotting with anti-Nup93 antibodies (Figure 3B). In contrast,
no binding of Nup93 was detected to GST alone. This result
suggests a direct interaction between Nup53 and Nup93.

Molecular Biology of the Cell



A
Figure 3. Identification of Nup53-interacting partners
using in vitro binding assays. (A) Purified rat liver NEs
were extracted with 400 mM NaCl and 1% Triton X-100.
After centrifugation to remove insoluble material, the B

supernatant fraction, containing nups and lamins, was
diluted 3.75-fold (NE extract) and incubated with pu-
rified recombinant GST-Nup53 or GST alone immobi-
lized on glutathione Sepharose 4B beads. After binding
and washing steps, the bead-bound proteins were
eluted, separated by SDS-PAGE, and detected with sil-
ver staining (SS). Several representative protein species
that specifically bound Nup53 are indicated with an
arrow. Samples were also analyzed by Western blotting
(WB) using polyclonal antibodies directed against the
indicated proteins or mAb414 to detect Nup358,
Nup214, Nup153, and p62. (B) Purified recombinant
Nup93 was incubated with GST-Nup53 or GST alone
immobilized on glutathione Sepharose 4B beads. After
washing, beads were eluted with sample buffer. Pro-
teins were separated by SDS-PAGE and analyzed by
Coomassie Blue staining (CB) or Western blotting (WB)
using antibodies directed against Nup93. The positions
of mass markers in kilodaltons are indicated.

Depletion of Nup53 Inhibits the Assembly of Interacting
nups and the Spindle Checkpoint Protein Mad1 into the
NPC

In an effort to investigate cellular functions of Nup53, small
interfering RNAs (siRNAs) specific for Nup53 mRNA were
transfected into HeLa cells to deplete cellular levels of
Nup53. After transfection, we monitored changes in both the
level of mRNA and protein using RT-PCR and Western
blotting, respectively. HelLa cells were transfected either
with transfection reagent alone, nonsense siRNAs, or with
human Nup53-specific siRNA duplexes. Levels of Nup53
mRNA were significantly reduced 48 h after transfection,
whereas the level of mRNA encoding another nup, Nup155,
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was not affected, demonstrating the specificity of this ap-
proach (unpublished data). The reduced level of Nup53
mRNA was accompanied by a depletion of Nup53 as de-
tected by Western blotting (Figure 4A). Consistent with
these observations, immunofluorescence analysis revealed
that levels of Nup53 at the NE were greatly reduced in
50-70% of the Nup53 siRNA-treated cells, whereas cells
treated with nonsense siRNAs showed no change in the
punctate nuclear rim staining (Figure 4B).

The siRNA-mediated depletion of Nup53 was accompa-
nied by distinct changes in cell growth. As shown in Figure
5A, cell cultures treated with Nup53-specific siRNAs dou-
bled at a rate approximately half that observed in cultures
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Figure 4. In vivo depletion of Nup53 using small interfering
RNAs. (A) HeLa cells were incubated for 48 h in the presence of
either transfection reagent alone (—) or siRNA (+) corresponding to
nonsense siRNAs or Nup53 siRNAs. Samples were then collected
and the cellular levels of Nup53 and a-tubulin (for comparison of
total protein loaded in each fraction) were analyzed by Western
blotting of total cell extracts. (B) HeLa cells growing on coverslips
were incubated for 48 h with transfection reagent alone (mock),
nonsense siRNAs (nonsense), or Nup53 (Nup53) siRNAs and pro-
cessed for immunofluorescence. Cells were probed with anti-Nup53
antibodies, and binding was detected with Cy3-labeled secondary
antibodies. Nuclear DNA was detected by staining with the DNA-
binding dye Hoechst. Bar, 10 um.

treated with nonsense siRNAs. The decreased growth rate
observed was not due to changes in cell viability (unpub-
lished data). Moreover, several assays suggested that the
Nup53-depleted cells exhibited a general growth inhibition
as they were not delayed in progression through a specific
phase of the cell cycle. FACS analysis of both Nup53-de-
pleted and nondepleted cells revealed similar profiles (Fig-
ure 5B). In addition, the number of cells in S-phase (as
detected using bromodeoxyuridine labeling) and M-phase
(as detected by Hoechst staining) were similar, ~40 and
~4%, respectively, in depleted and nondepleted cultures
(unpublished data).

We next examined the effects of removing Nup53 on the
assembly and stability of other nups in the NPC. At 48 h
after Nup53 siRNA transfection, depleted cells were ana-
lyzed by immunofluorescence using antibodies directed
against several nups including Nup93, Nup107, and the
mADb414 reactive nups (p62, Nup214, Nup153, and Nup358).
Levels of Nup107 and the mAb414 reactive nups were not
affected by depletion of Nup53; however, we observed a
striking decrease in the NE levels of Nup93 (Figure 6A). The
loss of NE bound Nup93 was accompanied by a correspond-
ing decrease in cellular levels of Nup93 as determined by
Western blot analysis of whole cells extracts (Figure 6B).
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Similarly, we observed that other Nup53 interacting pro-
teins (see above), including Nup155 and Nup205, were also
present in reduced amounts in Nup53-depleted cells (Figure
6, A and B).

The Nup53 depletion data are consistent with the idea that
Nup53, Nup93, Nup205, and Nup155 interact with one an-
other and that Nup53 is required for the assembly and/or
stability of these nups within the NPC. As a complement to
these studies, we also examined the effects of depleting
Nup93 on levels of other members of this interacting group.
As shown in Figure 7, treatment of HeLa cells with Nup93-
specific siRNAs reduced cellular levels of Nup93 and, as
previously shown, the mAb414-reactive nups (Figure 7, A
and B; Krull et al., 2004). Similarly, depleting Nup93 reduced
cellular levels of Nup53, Nup155, and Nup205, but did not
affect levels of Nup107, gp210, Mad1, or lamin B (Figure 7).
We have also performed in vitro binding experiments with
GST-Nup93 and NE extracts similar to those described
above using GST-Nup53 (Figure 3). As shown in Figure 7C,
GST-Nup93 is capable of binding Nup53, Nupl55, and
Nup205, but not Nup107.

In yeast, physical and genetic interactions have also been
detected between Nup53p and the spindle checkpoint pro-
tein Madlp (Iouk et al., 2002). Similarly, Mad1 is bound to
the vertebrate NPC during interphase (Campbell et al., 2001).
We investigated the possible functional link between human
Nup53 and Mad1 by examining the effects of siRNA induced
Nup53 depletion on the localization and cellular levels of
Madl. As shown in Figure 6A, depletion of Nup53 was
accompanied by decreased, but detectable, levels of Mad1 at
the NPC as seen by immunofluorescence microscopy. More-
over, Western blot analysis showed that cellular levels of
Mad1 were also decreased (Figure 6B). In contrast, depletion
of Nup93 had no effect on Mad1 levels (see Figure 7, A and B).

Despite the reduced levels of Mad1 in the Nup53 depleted
cells, we did not detect a clear defect in the spindle assembly
checkpoint as judged by monitoring their ability to arrest in
mitosis after treatment with microtubule destabilizing drugs
(unpublished data). These results suggest sufficient Mad1
remains in the depleted cells to maintain an active check-
point response.

Depletion of Nup53 or Nup93 Leads to Aberrant Nuclear
Morphology

Strikingly, cells that were depleted of Nup53 or Nup93
exhibited an aberrant nuclear morphology that was not ob-
served in mock-treated or nonsense siRNA-transfected cells
(see Figures 4B, 6A, and 7B). Nuclei of the depleted cells
uniformly lost their round or oval shape, and often appeared
elongated, lobular, or kidney-shaped. Their shape directly
reflected the shape of the chromatin mass, as the NE mem-
brane appeared to maintain direct contact with its surface
(see Figure 6A). To investigate the functional basis for this
morphological defect, we looked at the patterns of various
nuclear markers in nonsense siRNA transfected and the
Nup53- or Nup93-depleted cells. In light of the data pre-
sented above suggesting that Nup53 interacts with nuclear
lamins (Figures 2 and 3A), we examined lamin B and lamins
A/C distribution in HeLa cells that had been treated for 48 h
with Nup53 siRNAs. We observed that the levels of lamin B,
lamins A/C, and the inner nuclear membrane protein
emerin appeared to remain unchanged in these cells (see
Figure 6A). Similarly, the localization of lamin B was not
affected in cells depleted of Nup93.

Molecular Biology of the Cell
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Figure 5. HelLa cells depleted of Nup53 ex-
hibit a growth delay. (A) Equal numbers of
HeLa cells were transfected with either non-
sense or Nup53-specific siRNA duplexes and
incubated for the indicated times. At each
time point, cells were collected, their viability
was assessed using trypan blue and the num-
ber of viable cells was plotted versus time.
Note, both nonsense and Nup53-specific siRNA
treated cells showed a similar viability (>90%).
The results shown are representative of three
separate trials. (B) As in A, HeLa cells were
transfected with either nonsense or Nup53-spe-
cific siRNA duplexes and incubated for the in-
dicated times. Cells were then collected and
processed for FACS analysis. The positions of
the 2C and 4C peaks are indicated.
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DISCUSSION

Both morphological analysis and an accumulating body of
biochemical data suggest that the NPC is composed of mod-
ular subunits consisting of specific subsets of nups. Several
of these subcomplexes have been identified as a conse-
quence of their resistance to extraction conditions that par-
tially disassemble NPCs, whereas in other cases the func-
tional complexes are inferred based on networks of
interactions, both biochemical and genetic, detected between
groups of nups. The conservation of the structural features
of the NPC between different species suggests that the com-
positions of the subcomplexes are also conserved. However,
sequence similarity between nups of yeast and vertebrates is
variable and several nups present in one species have no
clear counterparts in the other (see Cronshaw et al., 2002).
Thus, it remains to be determined to what degree individual
subcomplexes are conserved.

Genetic and biochemical analyses have established that
yeast Nup53p is part of a network of interacting nups that
includes Nupl170p, Nup59p, Nic9%6p, Nupl57p, and
Nup192p (Aitchison ef al., 1995b; Marelli et al., 1998; Kosova
et al., 1999; Fahrenkrog et al., 2000; Lusk et al., 2002; Makh-
nevych et al., 2003). A model for how these nups are orga-
nized within the NPC is beginning to emerge. Nup53p can
bind directly to Nup170p and Nic96p (Lusk et al., 2002;
Makhnevych et al., 2003; Lusk and Wozniak, unpublished
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data). However, their interactions are cell cycle regulated.
Nup53p binds to Nup170p during interphase, which blocks
the ability of Nup53p to bind the karyopherin Kap121p. In
contrast, during mitosis Nup53p is no longer detected in
association with Nup170p but is instead bound to Nic96p
and Kap12lp (Makhnevych et al., 2003). How Nup59p,
Nup157p, and Nup192p fit into this developing model is less
clear. Proposals must consider the fact that Nup59p and
Nup157p are likely products of gene duplications that also
gave rise to Nup53p and Nup170p, respectively (Aitchison
et al., 1995b; Marelli et al., 1998). Thus, although these pairs
of related proteins are not functionally identical, it is possi-
ble that they are structurally interchangeable within the
repetitive subunits of the NPC, creating a mosaic of struc-
turally similar subcomplexes composed of different combi-
nations of these related nups. In contrast to the redundancy
observed in yeast, vertebrate Nup53 and Nup155 (the or-
tholog of Nup170p and Nup157p) represent the only forms
of these nups. Together with Nup93 (the ortholog of yeast
Nic96p) and Nup205 (the ortholog of yeast Nup192p) they
likely form a similar, evolutionarily conserved, structure.
We interpret the lack of paralogs in vertebrates to suggest
that these Nup53-containing complexes are more homoge-
nous and potentially lack certain functions that have
evolved in the yeast counterpart (see Makhnevych et al.,
2003). This may include the ability to regulate import con-
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trolled by the mammalian counterpart of Kap121p, because
vertebrate Nup53 lacks the Kap121p-binding domain found
in yeast Nup53p.

On the basis of data presented in this article and by
analogy to the yeast NPC, we propose that Nup53 interacts
with Nup155 and a previously identified Nup93-Nup205
complex (Grandi et al., 1997). This latter complex may also
be physically associated with Nup188 (Miller ef al., 2000), the
yeast ortholog of which has been functionally linked to
Nup53p and Nup170p (Aitchison et al., 1995b; Marelli et al.,
1998). We have shown that both GST-Nup53 and GST-
Nup93 are capable of binding Nup155 and Nup205, as well
as Nup93 and Nup53, respectively. These data and the ob-
served decreases in cellular levels of these nups in response
to depletion of either Nup53 or Nup93 suggest they exist as
a complex within the NPC. This complex, however, has been
refractory to direct isolation, likely because it is labile under
conditions required to disassemble the NPC. For example,
extraction conditions that have allowed the identification of
complexes containing Nup107-Nup133 or gp210 on sucrose
gradients appear to largely produce monomeric Nup53,
Nup93, and Nup155 (see Supplementary Figure 1).

This group of nups likely contributes to the symmetrical
core structures of the NPC. Recent immunoelectron micros-
copy data from Krull et al. (2004) suggest that both Nup93
and Nup205 are centrally positioned within the NPC near
the pore membrane. Also consistent with this idea, Nup155
is symmetrically distributed on both faces of the NPC (Radu
et al., 1993). In addition, we observed that Nup53 is accessi-
ble to cytoplasmically presented antibodies in the presence
or absence of the NE membrane (see Supplementary Figure
2). The localization of these nups to the NPC core is also
consistent with data showing that Nup93 and Nup205 play
a role in the permeability of the NPC (Galy et al., 2003), a
property that is shared with the yeast counterpart of Nup155
(Shulga et al., 2000).

Data are also consistent with the idea that this complex of
nups lies near the circumference of the NPC at the pore
membrane. This conclusion is based both on the localization
of Nup93 and Nup205 as discussed above (Krull et al., 2004)
and on the tight association between Nup53 and the NE
membrane. We have shown, using various urea extraction
conditions, that the release of Nup53 from the NE mem-
brane appears to largely parallel that of the lamins, requiring
significantly higher concentrations of urea for extraction
from the membrane than other nups. These results are sim-
ilar to those previously documented with yeast Nup53p
(Marelli et al., 2001). In yeast, the association of Nup53p with
the membrane was shown to be dependent on a putative
amphipathic helix at its C-terminus, a structure that also

Figure 6. In vivo depletion of Nup53 leads to codepletion of a
subset of interacting nups and the mitotic checkpoint protein Mad1.
(A) Forty-eight hours after the transfection of HeLa cells with either
nonsense (—) or Nup53 (+) siRNAs, cells were processed for indi-
rect immunofluorescence (IF). Samples were probed with antibodies
directed against the indicated proteins, and binding was detected
with Cy3-labeled secondary antibodies. Mab414 binding was de-
tected with FITC-labeled secondary antibodies. Nuclear DNA was
detected by staining with the DNA-binding dye Hoechst (DNA).
Bar, 10 um. (B) Cells were transfected as described in A, total cell
extracts were isolated, and proteins were separated by SDS-PAGE.
Western blot analysis was performed using antibodies directed
against the indicated proteins. Note, mAb414 was used to visualize
the levels of p62, Nup153, and Nup214. Antibodies directed against
a-tubulin were used for comparing total protein loads in each
fraction.

Molecular Biology of the Cell
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Figure 7. Invivo depletion of Nup93 and the identification Nup93-
interacting partners using in vitro binding assays. (A) Forty-eight
hours after the transfection of HeLa cells with either nonsense (—) or
Nup93 (+) siRNAs, total cell extracts were isolated, and proteins
were separated by SDS-PAGE. Western blot analysis was performed
using antibodies directed against the indicated proteins. Antibodies
directed against a-tubulin were used for comparing total protein
loads in each fraction. (B) Cells were transfected as described in A
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appears to be present within the last 13 amino acid residues
of vertebrate Nup53. Nup53 also appears to interact with the
nuclear lamina. We have observed that Nup53 remains
tightly associated with the lamina after removal of the NE
membrane with detergent (Figure 2B). Moreover, we have
detected lamin B bound to recombinant Nup53 using in
vitro binding assays (Figure 3A) and we have observed that
Nup53 and lamin B cosediment on sucrose gradients (Sup-
plementary Figure 1). In the aggregate, our data support a
model in which Nup53 is positioned at the interface between
the pore membrane and the lamina where it could anchor
other nups to these structures.

Nup53 is one of two nups that have so far been implicated
in linking the NPC to the nuclear lamina. Smythe et al. (2000)
have suggested that Xenopus Nup153 binds to lamin Bs.
Nup153 is located on the nuclear side of the NPC (Cordes et
al., 1993; Sukegawa and Blobel, 1993) and it has been sug-
gested that it links the core structures to the nuclear basket
and the nuclear filamentous protein Tpr (Krull ef al., 2004).
These data place Nup153 in a separate subcomplex from the
core associated Nup53. Considering these data and ours, its
would seem possible that different subcomplexes of the NPC
may possess distinct lamin binding members, with Nup53
functioning to link the Nup93-containing complex, and per-
haps more generally the NPC core, to the nuclear lamina.

At the pore membrane Nup53 is strategically positioned
to function in the assembly of nups into a forming NPC.
Using RNA interference to deplete endogenous Nup53, we
showed that reducing the cellular levels of Nup53 produced
a corresponding decrease in Nup93, Nup205, and Nup155,
while not affecting other nup complexes (Figure 6). A likely
explanation for this phenomenon is that reduced levels of
Nup53 inhibit the assembly of these nups into the NPC,
leading to unstable, partially assembled complexes that are
more rapidly degraded. Similar results have also been doc-
umented for other nup complexes, including the depletion
of the Nup107-Nup160 complex, where the stability of the
complex is decreased by depletion of individual members
(Boehmer et al., 2003; Harel et al., 2003; Walther et al., 2003).

A striking consequence of depleting Nup53 is the loss of
normal nuclear morphology. Nup53-depleted cells lose their
spherical shape, generally adopting an elongated lobular or
kidney-shape. This observation was intriguing in light of the
interactions between Nup53 and the lamina and the similar-
ity of this morphology to that previously detected in cells
lacking lamin A (Sullivan et al., 1999). However, we have not
observed any interactions between Nup53 and lamin A/C
nor have we detected changes in the levels or the distribu-
tion of the lamins or the inner membrane protein emerin
(Figure 6). Both of these classes of proteins are evenly dis-
tributed along the irregular nuclear periphery of the Nup53-
depleted cells, each following the contour of the underlying
chromatin mass. Thus, the relationship between the nuclear
morphologies of cells lacking Nup53 and the lamin A-de-

and processed for indirect immunofluorescence (IF). Samples were
probed with antibodies directed against the indicated proteins, and
binding was detected with Cy3-labeled secondary antibodies.
Mab414 binding was detected with FITC-labeled secondary anti-
bodies. Nuclear DNA was detected by staining with the DNA-
binding dye Hoechst (DNA). Bar, 10 um. (C) Purified recombinant
GST-Nup93 or GST alone were immobilized on glutathione Sepha-
rose 4B and incubated with or without rat liver NE extracts as
described for Nup53 in Figure 3A. The bead-bound proteins were
eluted, separated by SDS-PAGE, and analyzed by Western blotting
using antibodies directed against the indicated nups.
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pleted cells is unclear. Not surprisingly, we also observed a
similar phenotype in cells depleted of Nup93 where levels of
Nup53 are also reduced. This raises the question of whether
the altered nuclear morphology is related directly to the loss
of Nup53 function or whether it is a result of the codepletion
of Nup93 or other interacting nups.

Depletion analysis of the C. elegans counterparts of the
Nup93, Nup205, Nup155, and Nup53, has also been per-
formed in embryos. This study conducted by Galy et al.
(2003) suggests that distinct morphological phenotypes are
associated with the depletion of these nups. Although de-
pletion of each causes an embryonic lethal phenotype, de-
pletion of the counterparts of Nup53 or Nup155 appears to
block nuclear formation after mitosis. The cause of this block
is yet to be determined. In contrast, embryos lacking Nup93
and Nup205 exhibit abnormal peripheral chromatin conden-
sation and what appears to be an altered distribution of
NPCs in the NE. We have not detected similar phenotypes in
HeLa cells depleted of either Nup53 or Nup93 (Figures 6A
and 7B; unpublished data). Moreover, unlike the depleted
HeLa cells, the C. elegans embryos lacking counterparts of
Nup93 or Nup53 do not exhibit any alterations in nuclear
shape (Galy et al., 2003).

A disruption of nuclear morphology similar to that de-
tected in cells depleted of Nup53 was also observed in cell
lines depleted of Madl (Luo et al., 2002). The most well-
defined function of Madl is its role in the spindle assembly
checkpoint, a quality control feature of chromosome segre-
gation that monitors spindle attachment to kinetochores
during mitosis (reviewed in Lew and Burke, 2003). Intrigu-
ingly, Madl is localized to the NPC during interphase in
both mammalian and yeast cells (Campbell et al., 2001; Iouk
et al., 2002). However, it remains to be determined what
function the association of Mad1 with the NPC plays in the
spindle assembly checkpoint or to what degree Mad1 con-
tributes to the function of the NPC. In yeast, the docking of
Madlp to the NPC has been shown to occur, in part, through
its interaction with the Nup53p-containing complex (Iouk et
al., 2002). Consistent with this, yeast cells exhibit diminished
levels of Mad1p at the NPC in nup53A cells (Iouk et al., 2002).
Our data are consistent with a similar interaction occurring
in mammalian cells, where the levels of Mad1 are reduced,
but still detectable, at the NE in the Nup53-depleted cells
(Figure 6). We conclude from these observations that Mad1
may interact with more than one nup at the NPC. Of note,
siRNA induced depletion of Nup93, which reduces NE lev-
els of Nup53, does not appear to alter cellular levels of
Madl. A potential explanation for these results is that Mad1
interacts with a separate pool of Nup53 distinct from that
bound to the Nup93-containing complex.

Previous studies of cell lines specifically depleted of Mad1
using RNA interference have shown that these cells exhibit
defects in spindle checkpoint function (Martin-Lluesma et
al., 2002). We have performed similar experiments on
Nup53-depleted cells to determine whether the reduced
NPC association and cellular levels of Mad1 are sufficient to
abrogate spindle checkpoint function. However, we failed to
detect an obvious chromosome segregation defect (unpub-
lished data) that would suggest that this pathway is inhib-
ited. Presumably, sufficient levels of Madl remain to con-
duct its essential role in spindle checkpoint function. What
role the NPC association plays in the function of this remain-
ing pool of Mad1l will await the identification of its other
NPC binding sites.

During prometaphase Madl is recruited to kinetochores
(Chen et al., 1998; Campbell et al., 2001). In contrast, we have
not detected Nup53 (using either indirect immunofluores-
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cence or GFP fusions) or Nup93 at kinetochores during
mitosis, suggesting that any interaction of Mad1 with Nup53
is not maintained at the kinetochores. Of note, members of
the Nup107-containing complex and Nup358 (RanBP2), al-
though largely distributed throughout the cytoplasm during
mitosis, have also been detected at kinetochores (Belgareh et
al., 2001; Joseph et al., 2002; Loiodice et al., 2004). The func-
tional role of the Nup107-Nup160 complex at kinetochores is
not established and no specific defects in the function of this
structure have been attributed to the depletion of these
nups. In contrast, depletion of Nup358 leads to severe de-
fects in kinetochore structure and a reduction in the recruit-
ment of Mad1l and Mad2 to kinetochores (Salina et al., 2003;
Joseph et al., 2004). However, the spindle checkpoint re-
mains active in these cells. Thus it appears unlikely that
these nups play a critical role in basal levels of spindle
checkpoint activity. A more plausible scenario is that the
association of nups with kinetochores, as well as interactions
of the Mads with the NPC, may function to regulate the
fidelity of the spindle checkpoint response.
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